Abstract. The present investigation was conducted to evaluate the effects of testosterone on ethanol-induced alterations of µ-opioid receptor binding kinetics in specific brain regions of castrated rats. Male Sprague Dawley rats (100-124 g) adapted to a 12-h light/dark cycle were used. Animals were castrated under pentobarbital anesthesia. After a recovery period of 14 days, ethanol [3 g/kg as 22.5% solution in saline via intraperitoneal injection (i.p.)], testosterone [2.5 mg in 0.2 ml of olive oil via subcutaneous injection (s.c.) in the dorsal neck region] or the combination of ethanol and testosterone were administered to rats at 9:00 a.m. The control group was injected i.p. with 2 ml saline and s.c. with 0.2 ml olive oil for 7 days. Animals were sacrificed by decapitation at 2 h after the final injection. The brains were immediately removed, and the cortex, hippocampus, hypothalamus and midbrain were dissected. In an attempt to elucidate the mechanism involved in the hormonal modulation of the effects of ethanol and testosterone on the endogenous opioid system, the binding kinetics of the µ-opioid receptors were determined. The results obtained in the present study assisted in identifying the regulatory role of testosterone on ethanol-induced changes on µ-opioid receptor binding kinetics.
Introduction
Alcohol has been demonstrated to have a complex effect on the central nervous system (1) . These effects involve neurobehavioral changes that affect emotional state, sensory function and cognitive performance (2) . The specific regions of the brain that are selectively vulnerable to the acute effects of alcohol are the cerebral cortex, the limbic system and the cerebellum (2, 3) . Collectively, these regions of the brain control a number of functional activities, and are involved in cognitive processing, motor control, the expression of emotions and mood state (4, 5) . In individuals with alcoholism, dysregulation of neurotransmission in the prefrontal cortex is associated with learning deficits, µ-opioid receptor deficits, and the subsequent loss of control of drinking behavior (6) .
The endogenous opioid system has a crucial role in alcoholism. It is considered to contribute significantly to alcohol-induced reinforcement learning and eventually alcoholism (7) . Investigations into the effect of alcohol on the opioid system extended further to the level of the µ-and κ-opioid receptors, where decreased consumption of alcohol has been reported in µ-and κ-opioid receptor knockout mice (8, 9) . In current practice, the µ-opioid receptor antagonists naltrexone and nalmefene are used in the treatment of alcoholism (10) (11) (12) (13) .
Studies investigating the pathophysiology of alcoholism at cellular and molecular levels indicate that alcohol affects hormone and neurotransmitter-activated signal transduction, leading to changes in gene expression; these changes in the brain may be a likely cause of a number of the acute and chronic neurological events in alcoholism (14) . In addition, microarray and RNA-sequence studies have indicated that the expression of numerous genes involved in receptor function and receptor-mediated G-protein signaling are altered in the frontal cortex of individuals with alcoholism. These changes may contribute to the progression from occasional alcohol consumption to alcohol dependence (15) . Alcohol also has a selective effect on the µ-opioid receptor in the hippocampus, altering spatial learning, whereas the effect of alcohol on the cortical area µ-opioid receptors may cause behavioral sensitization and cognitive function disorders (2, 16, 17) .
Alcohol is one of the most commonly abused substances by opioid users (18) . Biochemical and pharmacological evidence has revealed that the reinforcing properties of alcohol may partially be due to the alcohol-induced activation of the endogenous opioid system (19, 20) . The µ-opioid receptors have a high receptor density and mRNA expression in the thalamus, basal ganglia, amygdala, cortex and hippocampus, with intermediate densities in the hypothalamus (21, 22) . Selective and non-selective µ-opioid receptor antagonists have been demonstrated to suppress voluntary alcohol consumption in rodents (23) . In addition, alcohol self-administration was increased in β-endorphin (β-END) deficient-mice (24) whereas µ-opioid receptor knockout mice did not consume alcohol ad libitum (8) .
At the hormonal level, high testosterone levels have been associated with increased alcohol consumption and an increased risk of developing alcoholism (25, 26) . However, chronic alcoholism has been demonstrated to induce hypogonadism and signs of feminization in males (27) . Steroid-induced reinforcement has been considered to be associated with the opioid system. The opioid system may affect the steroid levels in the periphery and in the brain (28) . Similarly, steroids may also affect the levels of endogenous opioids and opioid receptors (29, 30) .
In male rats treated with the anabolic androgen steroid nandrolone, elevated β-END levels and decreased dynorphin levels in the ventral tagmental area and nucleus accombens region were observed (30, 31) . Nandrolone-treated rats also exhibited increased alcohol consumption (32) . The aim of the present study was to investigate whether testosterone may serve a regulatory role in µ-opioid receptor alteration in the brain by ethanol.
Materials and methods

Animal sample collection.
A total of 32 6-week-old male Sprague-Dawley rats (100-124 g), purchased from Harlan Inc., were used in the present study. The animal protocol was approved by the Animal Care and Use Committee of Florida A&M University (Florida, USA). Animals were housed in groups of 4 animals per cage and kept under a 12-h light/dark cycle (fluorescent light, 30-40 lux) at a constant temperature (23˚C) and humidity (50-60%). Water and food (Purina Lab Chow, Purina) were provided ad libitum. All animals were castrated bilaterally under pentobarbital anesthesia [50 mg/kg intraperitoneal (i.p.)]. A sharp incision was made in the scrotum opening of the tunica vaginalis, exteriorizing the testis. The spermatic cord and vas were doubly ligated and transected as a single unit. Animals were monitored for a recovery period of 14 days.
Drug treatment. Animals were randomly assigned to four groups. The first group (n=7) received 2 ml 0.9% saline i.p. (control), the second group (n=9) received ethanol [3 g/kg as 22.5% w/v solution in saline, i.p.], the third group (n=7) received testosterone propionate [Sigma-Aldrich; Merck KGaA; 2.5 mg/rat in 0.2 ml olive oil; subcutaneous injection (s.c.) in the dorsal neck region], and the fourth group (n=9) received a combination of ethanol and testosterone. The difference in the number of the animal groups was to compensate for any risk of loss that may result from ethanol injection. These drugs were administered at 9:00 a.m. Control and ethanol-treated groups also received 0.2 ml olive oil s.c. in the dorsal neck regions for 7 days.
At the end of the 7th day the rats were sacrificed by decapitation, and the brain tissue was removed onto an ice-cold surface, and then flash frozen in liquid nitrogen and kept at -70˚C. The frozen brains were dissected into cortex, hypothalamus, hippocampus and midbrain regions and maintained at -70˚C until assay (within 1 week). These brain regions were selected due to their involvement in controlling learning, behavior, µ-opioid receptors, endocrine function and motor activity.
Membrane preparation for opioid receptor binding. Brain regions were pooled (3-4 rat brain region per pool) and homogenized by hand using a Wheaton Teflon-on-glass tissue homogenizer (Duran Wheaton Kimble Life Sciences) in 50 volumes of ice-cold (50 mM Tris-HCl) buffer (pH 7.4) and centrifuged at 20,000 x g for 20 min at 4˚C using a Beckman L8-80M ultracentrifuge (Beckman Coulter, Inc.). The pellet was washed twice by resuspension and centrifuged as aforementioned. The final pellet obtained was dispersed in an ice-cold buffer to give a final tissue concentration of 20 mg/ml. µ-opioid receptor binding assay. A modification of the method described by Schoffelmeer et al (33) was used for radio-receptor assay of µ-opioid receptors. A total of two sets of borosilicate glass tubes (12x75 mm duplicates) were used for either total or non-specific binding. In the total binding assay, each tube contained 100 µl 3 H-Tys-D-Ala-Gly-N-Methyl-Phe-Gly-ol [ 3 H-DAMGO; NEN Life Science Products (PerkinElmer, Inc.); 50.5 Ci/mmol; 0.14-9 nM final concentration] and 100 µl captopril in assay buffer (300 µM final concentration) to protect against degradation of the labeled ligand. Incubation was initiated by adding 300 µl tissue homogenate. For non-specific binding, defined as 'any binding site different than the receptor of interest example filters, and tubes' while specific binding, defined as 'binding of cold ligand to receptor of interest', 300 µl tissue homogenate was transferred to tubes containing 100 µl 3 H-DAMGO and 100 µl unlabeled ligand DAMGO (1 µM final concentration) and captopril (300 µM) in buffer. Assay tubes were incubated at 37˚C for 30 min in a shaking water bath. Incubation was terminated by filtration under decreased pressure through Brandel GF/B glass fiber filters, presoaked in 0.1% polyethyleneimine, using Brandel cell Harvester, M-12R (Brandel) followed by 2 washes with 5 ml ice-cold assay buffer. Membrane filters containing bound radioactivity were then transferred to ScintiVerse™ scintillation cocktail (Thermo Fisher Scientific, Inc.) and allowed to stand at room temperature for at least 5 h, to dissolve all radioligands and to attain maximum count.
Radioactivity was counted at 45% efficiency using LKB Rack-beta counter model 1219 (LKB instruments). Specific binding was defined as the difference in Statistical analysis. Data was analyzed by one-way analysis of variance followed by Bonferroni's post-hoc test using GraphPad Prism version 5.00 for Windows (GraphPad Software, Inc.). P<0.05 was considered to indicate a statistically significant difference. Data are presented as the mean ± standard error of the mean. Binding assays were performed in triplicate for each sample, and the experiments repeated twice.
Results
DAMGO is a radioligand labeled drug that is associated with µ-opioid receptor (34) . Measuring the rate and extent of binding provides information of the number and affinity of binding sites, and while physiological or biochemical measurements of tissue responses to drugs may prove the existence of receptors, only ligand binding studies are able to determine the actual receptor concentration.
Effects of ethanol, testosterone and combination treatment on B max in brain areas. Fig. 1 demonstrates that the administration of ethanol alone resulted in a significant 20% increase in B max compared with the control (P<0.05) in the cortex, when testosterone administered concomitantly with ethanol in the same area returned the number of receptors back to normal level. Administration of testosterone alone resulted in a significant decrease in B max compared with the control (P<0.05) in the hippocampus. Administration of ethanol and testosterone together resulted in a significant decrease in the B max of the µ-opioid receptor in the hypothalamus, hippocampus and midbrain compared with the control (P<0.05). The results also indicated that the testosterone reversal of ethanol induced an increase in B max in the cortex. No significance between groups were observed. Neither administration of ethanol alone nor with testosterone resulted in a significant increase in the K d of these receptors in the cortex, while administration of testosterone alone resulted in a significant increase in the K d of these receptors in the cortex compared with the control (P<0.05).
Effects of ethanol, testosterone and combination treatment
Discussion
Previous studies have indicated that alcohol and male sex hormones affect the brain endogenous opioid receptors (20, 30) . Opioid peptides, particularly β-END and enkephalins, have been suggested to mediate the reinforcing properties of alcohol (7, 35) . Testosterone modulation of the µ-opioid receptor has been well documented, where the involvement of androgen receptor (AR) in pain and analgesic processing has been explained by the distribution of AR in brain regions known for pain modulation (36) (37) (38) . Medications targeting the µ-opioid receptors are considered the most effective and widely used drugs for treatment of severe pain through ligand binding to the µ-opioid receptor. Although pain response was not assessed in the present study, and it would be useful to examine the different factors involved. It was demonstrated previously that the spinal cord cells of male rats expressed increased levels of µ-opioid receptors in comparison with females, and that the depletion of sex hormones produced opposite effects, reflecting an increased tolerance to pain in males compared with females (39) . An increase in numbers of µ-opioid receptors reflects an increase in endogenous ligand levels in males, producing tolerance to pain. When testosterone levels are depleted, ligand levels and receptor numbers are decreased, eliminating the tolerance to pain induced by testosterone. In the cortex, ethanol induced an increase in B max ; when testosterone was administered with alcohol, the receptor numbers were reversed and returned to normal levels. Testosterone has been demonstrated to have analgesic effects in several pre-clinical and clinical (40) pain models (41) (42) (43) (44) (45) (46) . The analgesic effect of testosterone is promoted, at least in part, by µ-opioid receptor regulation (41, 47) . Testosterone modulated the expression of µ-opioid receptors in the midbrain periaqueductal gray (38) . Inflammatory cytokines levels induced by µ-opioid receptor upregulation were inhibited in the trigeminal sensory ganglia (TG) of gonadectomized (GDX) male rats. In addition, testosterone replacement in GDX male rats restored the expression and function of testosterone-dependent modulation of µ-opioid receptors in TG, suggesting that AR may also regulate µ-opioid receptor gene expression (48) .
The µ-opioid receptor kinetics results obtained in the present study support the aforementioned hypothesis concerning the effects of ethanol-based testosterone modulation on µ-opioid receptors. Testosterone replacement significantly decreased the µ-opioid receptor density over the gonadectomized control in the hippocampus. Accordingly, studies have revealed that the hippocampus responds to external agents, including hormones, stressors and pain (49) . However, previous studies have indicated that gonadectomy alone or gonadectomy followed by chronic testosterone replacement using silastic capsules did not change the µ-opioid receptor characteristics in the entire brain of adult male rats (50) (51) (52) (53) (54) . These previous studies investigated testosterone effects in the entire brain, and any discrepancies may be due to the routes of administration used (54) . However, different studies have suggested that gonadectomy increases the number of [ 3 H]naltrexone or [ 3 H]naloxone binding sites by a factor of 2 in the brains of male rats, and 7 days of subcutaneous testosterone (2.5 mg/kg) administration reverses this effect by decreasing their number to control normal levels (55, 56) . In the present study, administration of testosterone significantly decreased the µ-opioid B max in the hippocampus, and concomitantly increased K d of these receptors in the same brain region. These observations suggest that testosterone may decrease the affinity of µ-agonists binding to their receptors, and that these changes may be due to a conformational change in the receptors, decreased numbers of the receptors and alteration of the gene expression level. A similar trend was observed in the cortex, where testosterone significantly increased the K d of µ-opioid receptors. Ethanol did not alter the µ-binding affinity, K d , in any of the areas examined, which was additionally supported by the observation that individuals abstaining from alcohol exhibit increased µ-opioid receptor binding (57, 58) . These data provide evidence of involvement of the opioid system in testosterone-induced µ-opioid receptor effects, investigated previously (39) . In addition, localization of AR expression and µ-opioid expression on the same neuron provides mechanisms by which testosterone may exert regulation of the µ-opioid receptors, through activation of the transcriptional machinery of the µ-opioid receptor gene in primary afferent nociceptors, where it binds directly to the region of the µ-opioid receptor gene promoter (41) . In the present study, concurrent administration of testosterone and ethanol was accompanied by a significant decrease of B max and an increase of K d , which indicated a decreased affinity of the µ-opioid receptors in hypothalamus and midbrain regions. The periaqueductal gray is the gray matter located around the cerebral aqueduct within the tegmentum of the midbrain, where there is a high concentration of µ-opioid receptors. The ventral tegmental area is a group of dopaminergic neurons located in the midbrain. Evidence has indicated that an interaction exists between opioid peptides and midbrain dopaminergic neurons (59); in addition, brain circuits that are activated by opioids are in the mesolimbic (midbrain) reward system. The principle underlying mechanisms of drug addiction (such as alcohol, amphetamine and opioids) appear to be the capacity of these substances to enhance dopamine release in the mesolimbic pathway (60) . This molecular mechanism is considered to serve an important role in the reinforcement of drug-seeking and consumption behavior (61) . The present study focused on testosterone modulation of ethanol alteration on µ-opioid receptor kinetics. Additional studies are required to include dopaminergic interactions. Previous studies have confirmed that µ-opioid receptors exhibit testosterone-dependent modulation of their expression levels in the periaqueductal gray (38) . Apostolinas et al (62) suggested that testosterone replacement for the duration of 1 week was sufficient to induce numbers of neurons containing high concentrations of AR, including the amygdala or hypothalamus, within the range of normal male mice. Animal studies in both rodents and primates have demonstrated that androgen deprivation led to a decrease of 40% of synaptic density in the hippocampus, and that testosterone replacement in male animals normalized synaptic density, indicating that the testosterone replacement was effective in reaching its receptor in the brain and normalizing the brain structures damaged by gonadectomy (63) . These data suggest that androgens have a marked effect on the maintenance of the nervous system through the AR (64) . In the present study, in samples from the cortex, ethanol increased the B max compared with the control, and testosterone replacement abolished the increase of B max when administered in combination with ethanol in the same area. This indicated that the increase in B max is due to the ethanol effect and not to gonadectomy, as co-administration of ethanol and testosterone in the same area was not significantly different compared with that of the control.
µ-opioid receptors have been identified in the striatum, cortex, hippocampus, amygdala, raphe nuclei and thalamic nuclei, amongst other regions (65) (66) (67) . The anterior cingulate cortex (ACC) is also a key site of opioid action in humans and rodents (68, 69) . It has been suggested that opioid receptor binding in the ACC is highly associated with cravings during early abstinence in alcohol-dependent subjects (70) .
Although previous studies have suggested that alcohol does not alter ligand binding to µ-opioid receptors (71, 72) , other studies have indicated that alcohol has been consistently demonstrated to differentially alter µ-opioid receptor binding in brain tissue and neuroblastoma cell lines, depending on the study conditions (73, 74) . The results from the present study suggested that alcohol altered the binding kinetics of µ-opioid receptors and that the administration of testosterone modulated the effects of alcohol on µ-opioid receptor binding kinetics in castrated rats. These data suggest an association between µ-opioid receptors, alcohol and testosterone. Although the results do not confirm a causative association, changes in receptor binding kinetics and the ligand-receptor complex, rather than the receptors themselves, determines the ultimate physiological cellular response. In vitro studies do not always reflect physiological or pharmacological response that will occur in vivo. These results may, in part, explain the beneficial effects of male gonadal hormone in patients with alcoholism. However, the present study contained certain limitations: Firstly, larger sample sizes may provide sufficient statistical power to resolve the additional effects of ethanol and testosterone; secondly, alcohol administered once daily via i.p. injection does not reflect the actions of dietary alcohol administered by gavage; finally, the present study lacked a group of intact non-castrated animals to provide a direct comparison to an identical condition within intact animals.
